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ABSTRACT

Experiments were conducted to help answer some questions which
concern the aphid transmission of some stylet-borne viruses. The tech
niques of carbon replication and electron microscopy were employed in an
attempt to show the exact location of virus particles on the aphids' sty lets.
Very little success was achieved in this area.
It was shown by the use of purified viruses that anesthetized
aphids could be made viruliferous without active probing. The exposed
stylets of anesthetized aphids were dipped into a purified suspension of
cucumber mosaic virus (CMV) contained in a fine capillary. Upon revival,
some of these aphids were capable of transmitting CMV to healthy tobacco
seedlings. This supports the concept that stylet-borne viruses can be
carried as contaminants of the aphids mouth parts and demonstrates that
active probing is not necessary for the acquisition of CMV.
Aphids were allowed to probe through a Parafilm membrane into
purified tobacco mosaic virus (TMV) and infectious particles of the virus
were released through another membrane into samples of water. When
inoculated onto leaves of a local lesion host some of the water samples
produced infection. The electron microscope was used to determine
what percentage of the water samples contained TMV particles and these
data were compared to the percentage of the samples which caused
vi

infection. The results gave an Indication of the rate of transm ission by
the ap h id s. Some samples that contained TMV particles did not produce
lesio n s. Particles were detected in all samples which produced lesions,
however.

v ii

INTRODUCTION

The problems of aphid-virus-host plant relationships in the trans
mission of stylet-borne viruses are far more complex than were at first
believed (42) and there is still considerable confusion about the
mechanisms involved. Although some of the attempts to clarify these
mechanisms have been successful (42) several problems, which have
been evident since it was first recognized that aphids transmit viruses,
still remain unsolved. These are very fundamental and thus of basic
importance if the transm ission phenomenon is to be understood. The
present work may be divided into 3 areas which deal with specific
problems involved in the mechanics of the transmission of stylet-borne
v iru ses.
I.

It is accepted as fact that aphids carry viruses and that some

of the viruses are carried on the stylets (stylet-borne). Much evidence
has been accumulated which indicates that stylet-borne viruses are
carried as contaminants of the aphids mouth parts. What is not agreed
upon is precisely where, on or in the sty lets, the virus particles are
found.
Bradley and Ganong in 1955 demonstrated by the use of formal
dehyde (12) and ultraviolet light (11) that the potato virus Y (PVY) is
carried near the tips of the stylets of Myzus persicae (Sulz.). Accord
ing to their interpretations of the results obtained in these experiments
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the particles of PVY were present on the apical 5

y of the sty lets.

How

ever, they did not say whether they felt that the virus was contained within
the sty lets, on their surfaces or both.
In 1957 van Hoof (25) published the results of his electron micro
scopic studies of the structure of the stylets of M. persicae showing
that there are a series of jagged ridges along the tips of the mandibles
and that the tips meet at the apex. He postulated that during the probing
activity of the aphids, virus particles became lodged in or behind these
structures thus allowing the aphid to carry the viruses to a healthy host
and inject them during subsequent probes. However, he did not present
any experimental evidence for th is .
Since the question of where the stylet-bom e viruses are carried by
the aphids had not been resolved, a part of the present work attempted to
demonstrate the location of these viruses. Direct electron microscopic
views were made of the tips of M. persicae and showed structures which
confirm the findings of van Hoof but this procedure had obvious d is
advantages. Since the stylets are impervious to the beam of electrons
in the electron microscope and the surface areas therefore can not be
viewed directly, another approach was needed if the exact location of
the virus particles was to be demonstrated.
Many objects can not be viewed directly in the electron microscope
and this fact has brought about the development of techniques for the
construction of replicas of these objects. Silica and numerous other
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su b stances, all with numerous serious disadvantages, have been
employed as replica m aterials but in 1953 Bradley (5) described the use
of evaporated carbon as a replica material and since that time no better
substance has been found. Since the carbon film is amorphous there are
no artifacts included in the re p lic a .
Carbon replication was used as a basis for the development of
several techniques which were employed in attempts to make replicas of
the surface areas, both internal and external, of the virus contaminated
stylets of M_. p ersicae. Since carbon replication, properly executed, can
show great d etail, it was hoped that replicas of the stylet surfaces would
reveal the location of virus particles, thus resolving this question at la s t.
II.

It has been suggested that Insect behavioral patterns are

important in the aphids' ability to differentially acquire and transmit
viruses (7, 9, 50). Bradley (7) noted that after a period of fasting the
aphids tended to make a number of short penetrations into the leaf epi
dermis during which virus contamination of the stylets occurred. He
explained that this behavior increased the probability that the aphids
would become viruliferous. The questions that still remained were: Is
such behavior required for acquisition?

Can the aphids acquire the virus

when there is no active participation on the part of the aphid? One facet
of the present work was designed to help answer these questions. Experi
ments were conducted to determine whether active probing was essen tial
for green peach aphids to acquire several strains of cucumber mosaic

virus (CMV) or whether they could play a passive role in acquisition and
then transm it the virus by natural probes Into healthy plants.
III.

For years plant virologists have been frustrated in their

attempts to explain why tobacco mosaic virus (TMV), the most infectious
and readily mechanically transm itted plant virus known, has no efficient
in sect vector other than those with chewing mouth p a rts. There have been
many conflicting reports in the literature as to whether aphids can transmit
TMV. Allard (1, 2) published the first reports of aphid transm ission of
what he considered to be TMV in tobacco. Since there was so little known
about viruses in those early days it is quite possible that the virus that
he had was a strain of CMV, which is easily aphid transm itted, and which
gives symptoms on tobacco which are very similar to those produced by
TMV (42).
Since that tim e, according to Smith (42), there have been other
reports of positive results in experiments conducted on the aphid trans
mission of TMV (14, 15, 23, 24). In 1963 Orlob (31) made a reappraisal
of the transm ission of TMV by aphids and other sap-sucking in se c ts. He
repeated all the apparently successful experiments and obtained results
which were all negative.
So these questions remained: Does the aphid acquire and transmit
TMV; acquire it and then not transmit it for some reason; or not acquire
it at all?

Matsui et a l. (29) demonstrated that aphids can acquire

particles resembling TMV from infected plants and then release them

into w ater. However, the particles thus released were not infectious.
Pirone (35) recently showed that infectious TMV could be acquired by
aphids from purified preparations and that it was released when the
aphids probed through a membrane into a buffer solution which when
inoculated onto the leaves of the Havana 425 variety of tobacco produced local le sio n s.
A portion of the present work was conducted in an attempt to draw
a correlation between the number of aphids which acqvired the virus and
released infectious particles into water samples and the presence of virus
particles as viewed in the electron microscope in the samples taken, and
to obtain a quantitative estim ate of the number of virus particles acquired
by the aphids.

LITERATURE REVIEW

The work done by D oolittle, et a l . , Jagger, and Allard in 1914-17
provided the virst evidence that aphids may be responsible for the spread
of plant viruses. Doolittle et a l. (18, 19) and Jagger (26) showed that
Mvzus persicae Sulz. could transmit cucumber mosaic virus (CMV) when
allowed to feed on infectbd cucumber (Cucumls sativis L.) and then trans
ferred to healthy plants. Allard (1, 2) conducted experiments which he
said demonstrated that M_. persicae when colonized on m osaic-diseased
tobacco (Nicotiana tabacum L.) could become very efficient disseminators
of the d isease in the greenhouse. Macrosiphumtabaci Perg. was also shown
to be a vector of the d isease under field conditions.
Aphids vary in the length of time after acquisition that they remain
viruliferous. Watson and Roberts in 1939 (50) pointed out that viruses
fall into two groups based on this fact and suggested the use of the
terms persistent and non-persistent for the two groups depending on
whether the aphids remained viruliferous for an extended or short period
of tim e. They also stated that the period of time that non-persistent
viruses remained infective after aphid acquisition was always less than
the time they remained active in untreated infective plant sap (51).
Since 1914 many attempts have been made to elucidate the
mechanism of transm ission of non-persistent plant viruses by aphids.

M echanical transmission was suggested as a possible explanation by
Doolittle and Walker, 1928 (19) after conducting experiments on the aphid
transm ission of CMV.
The mechanical transm ission hypothesis was examined in great
detail by Watson (47, 48, 49, 50) and she accumulated data which indi
cated that the transm ission of non-persistent viruses was far more complex
than had been believed at first. For example, she showed that a long
single probe by the aphid was le ss efficient in transmitting virus than
were numerous short penetrations; and that fasting the aphids prior to
acquisition probes Increased the rate of transm ission. She suggested
that these findings could not be explained by a simple mechanical process.
In an attempt to elucidate the mechanism of transm ission she noted that
the behavior of the vector might have been of significance in the trans
mission phenomenon. She also suggested that there appeared to be an
inactivator at work in the vector-virus-host complex.
After their work in 1954, Day and Irzykiewicz (17) proposed a
"m echanical-inactivator-behavior" hypothesis. This suggested that
the stylets became contaminated and that differential transmission of
viruses could be accounted for by selective Inactivation of viruses by
components of the saliva. The behavior of the aphid was also thought
to be of considerable importance in the transm ission mechanism.
In 1954, van der Want (46) suggested a "mechanical-surface
adherence" hypothesis which stated that the non-persistent viruses

adhered to the surface of the stylets and were mechanically Inoculated
into the host cell by the probing process. The viruses were subsequently
eluted off the stylets by the plant juices.
Among the many unanswered questions surrounding the mechanics
of the transm ission of non-persistent viruses are the three which are
dealt with in the studies reported in this th e sis.
I.

Where are the virus particles carried by the aphids? The intro

duction of the term mechanical transmission and modifications of this
concept insinuate that the viruses are carried as contaminants of the
stylets and are acquired during the probing process. If the viruses are
contaminants of the aphids mouth parts then exactly where on the stylets
are they carried? Bradley and Ganong in 1955 demonstrated by the use of
formaldehyde (12) and ultraviolet light (11) that the potato virus Y (PVY)
is carried near the tips of the stylets of Jtf.. persicae. When aphids had
been allowed an acquisition feeding on plants infected with PVY and the
tips (ca. 5 ji) of their stylets were dipped into a capillary containing
formaldehyde and water or treated with ultraviolet light they all failed
to transmit the virus. Aphids used as controls transmitted with an
efficiency which was considered normal. Bradley and his co-workers
extended this observation to other viruses and other aphids in subsequent
reports (13, 32, 33).
In 1957 van Hoof (25) conducted detailed studies on the structure
of the stylet of M. persicae using electron microscopy and found that the

mandibles had a row of ridges near the tip. He proposed that virus
particles became lodged behind these ridges and were transmitted
during subsequent feedings on healthy p lan ts.
On the other hand, Bradley, in 1966 (10), showed that if the
stylets of viruliferous aphids are separated and the maxillary stylets
are dipped into a drop of water the insects are no longer capable of
transm ission. This suggests that transm issible viruses are carried on
the maxillae. He was unable to te st the mandibles for the presence of
virus particles but stated that they are probably not important as an instru
ment of transm ission.
One point seems to be clear and that is that virus is carried as a
contaminant of the aphids' mouth parts (44). The evidence gleaned from
the UV and formaldehyde treatments described above, is particularly con
vincing. Other lines of evidence include the facts that the virus is
acquired in a very short period and transmitted in an equally short time
with no latent period being involved (8, 16, 47). Viruliferous aphids
lose their infectivity during transm ission probes faster than the rate of
loss of infectivity of the virus in vitro indicating that it is present in
or on the stylets and either inactivated or eluted off during feeding (49).
If the transm ission probes are of sufficiently short duration several
plants may be infected in succession (51).
Some workers have suggested, however, that non-persistent
viruses are not carried as contaminants of the sty lets. In experiments
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using henbane mosaic virus, Gamez and W atson, in 1964 (20), obtained
results which they considered to be evidence against that possibility.
They postulated that if the henbane mosaic virus was a contaminant then
the chitinous stylets should act as needles and should transmit the
virus much the same way as needles do. Using anesthetized M* persicae .
the stylets were artificially inserted into leaves of tobacco infected with
henbane mosaic virus. None of the aphids transmitted the virus after
such treatment.
II.

Watson and Roberts (50) were the first workers to suggest that

the behavior of aphid vectors was of any significance in their ability to
transmit plant viruses. They made this suggestion in an attempt to
elucidate the phenomenon of the transm ission of non-persistent viruses
after presenting data which indicated that simple mechanical transm is
sion could not explain many of their findings, Several other workers
have proposed that the aphids natural activities had a marked effect on
their success as vectors (7, 17). Bradley (9) emphasized that behavior
played an important role in at least part of the transmission mechanism.
He noted that after a fasting period the aphids made numerous short
penetrations into the leaf's epidermis, where the virus was most likely
to be found, thus increasing the probability that they would acquire virus
p articles.
Bradley also observed that the very flexible chitinous stylets
could not penetrate leaf tissue unsupported. He stated that this could
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help explain why a period of fasting Increased the rate of transm ission.
When aphids were removed from their host plant and placed in an
environment where they could not probe, the proboscis again ensheathed
the stylets lending support and readying them for penetration. When
placed on infected tissu e for a specified time a greater percentage of
the aphids were prepared to probe than if they had been removed directly
from their host and placed on diseased tissu e .
When their experiments using henbane mosaic virus and M_. persicae
failed to yield positive re su lts, Gamez and Watson in 1964 (20), sug
gested that some activity by the aphids may be needed for them to acquire
the v iru s.
111.

Since it was first reported by Allard (1, 2) that the aphid

transm ission of a virus of tobacco which he considered to be tobacco
mosaic virus (TMV) had been achieved, many conflicting reports have
been published on the in sect transm issibility of TMV (14, 15, 23, 24).
In 1963 Orlob (31) made a reappraisal of the transmission of TMV by
aphids and other in sects with sucking mouth parts in an attempt to
eliminate the confusion surrounding this point. He repeated all the
apparently successful experiments in some of which in se c ts were allowed
to feed on virus-infected plants prior to their access to healthy hosts.
In other attempts purified virus was placed directly on the in sects'
mouth parts. He did not obtain transmission of the virus in any of the
experiments he conducted.

Since that time other methods have been tried. It has been shown
that aphids can acquire particles resembling TMV from Infected plants
and then release them into water (29); and that aphids could acquire and
transmit CMV by probing through an artificial membrane into a purified
virus suspension (34, 36). Using this information Plrone (35) conceived
of the idea that possibly M. persicae could acquire purified TMV through
a membrane and release it through another membrane into a phosphate
buffer and sucrose solution. He showed, in fact, that this could be done
and that when the buffer was rubbed on the leaves of N. tabacum L. ver.
Havana 425, local lesions were formed which were typical of TMV on that
variety of tobacco*
As more has been learned about the transm ission of plant viruses
it has become evident that this is a complex procedure. Ideas concern
ing these viruses have changed and also , therefore, has some terminology
In an attempt to better categorize plant viruses as to their relationship
with their vectors, Kennedy et a l . , in 1962 (28), introduced the term
stylet-borne, to describe the virus-vector relationship previously
described as non-persistent. This more restrictive term will be used
in the remainder of this writing.

MATERIALS AND METHODS
I. Carbon replication
Since aphid stylets are impervious to the beam of electrons in the
electron microscope, and the surface area can not be observed directly
at high magnifications, the technique of carbon replication (5, 6) was
employed in attempts to demonstrate the presence cf virus particles on
the stylets of M_. persicae.
In some cases aphids were allowed a 30 second probe into mustard
plants infected with turnip mosaic virus (TuMV) and then their stylets
were removed by grasping the labrum with fine forceps and lifting the
stylets out of the labial grove. In other experiments the stylets were
removed and then dipped into a suspension of purified TuMV (41) con
tained in the capillary tube.
Several techniques were developed and used to make the carbon
replicas:
1.

Stylets were placed on a clean glass slide. A small piece of

replica tape (Ladd Research Industries) was softened with replica solu
tion and when partially dry was pressed over the stylets thereby partially
imbedding them. The tape was placed in a Mikros VE10 automatic valving
vacuum evaporator which was then evacuated to 0.05

of mercury. When

the tape was removed from the vacuum it had shrunk away from the stylets
and they could be removed from their impression with a cam el's hair
13
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brush if they had.been properly Imbedded. The tape was trimmed to the
sm allest size possible without destroying the impression and placed,
impression side up, on a glass slide and secured with cellophane tape.
It was returned to the evaporator and shodowed by placing 23 mg of
uranium foil in a tungsten wire basket attached to two electrodes. The
grids were placed 6 cm below and 9 cm to one side of the uranium and
the bell jar was evacuated to a vacuum of 0.05

of mercury. The

current between the electrodes was adjusted to 10 amperes and held
there for 1 minute thus allowing the gases coming out of the uranium to
be pumped away thereby maintaining the proper vacuum. An increase to
20 amperes was made and the uranium was allowed to evaporate and fall
on the grids thereby shadowing them.
A spectographically pure carbon rod having a ground point 5/16
inch long and 0.040 inches in diameter was placed in the carbon
evaporation device of the vacuum evaporator and out gassed in the
manner described for uranium. The replica tape was placed 15 cm below
the carbon rod, one-half of which was evaporated in a 0.05 ji vacuum at
18 amperes of current to form a carbon film approximately 200 X thick in
the stylet impression. The tape was removed from the evaporator and
placed impression side up on an electron microscope grid which was
then put in an Extractor replica refluxing unit. There it remained for
20 minutes over boiling acetone which dissolved away the tape leaving
the carbon film and uranium shadow on the grid.
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2.

A 30 mg piece of Victawet (Ladd Research Industries), a highly

water soluble white waxy solid, was placed in a tungsten wire basket
and evaporated in a vacuum onto a clean glass microscope slid e. The
slide was dipped into a 3% collodion solution and allowed to partially
dry for approximately 3 minutes. The aphid stylets were dropped on the
surface and if the solution was sufficiently dry the stylets partially sank
into the surface. The collodion was left to dry completely and the stylets
were removed with very fine forceps. The impression was shadowed and
coated with carbon as previously described.
A piece of #202 filter paper was placed on the fixed perforated
plate of a 115 mm diameter glazed Buchner procelain funnel having an
outlet tubulature. A 15 cm length of gum rubber tubing was attached to
the outlet and sealed off with a Hoffman screw compressor clamp and
the funnel was inserted into the mouth of a 1000 ml Erlenmeyer flask.
The carbon coated film was scored into 5 mm squares and care was taken
not to cut the sty le t's impression. The glass slide was placed on the
filter paper in the funnel and water was added gradually until the
Victawet was dissolved and the collodion film floated free. With the
use of another piece of filter paper it was possible to remove all the
5 mm sections of film leaving only the one having the im pression.
An electron microscope grid was submerged in the water and placed
on the filter paper. When the screw clamp was gradually opened air was
allowed to escape from the flask and the water dripped into the flask.

16

As the water level dropped the one remaining section of film was guided
over the submerged grid upon which it settled as all the water drained
from the funnel.
The filter paper holding the film covered grid was removed and
allowed to dry after which the grid was removed to the refluxing unit
where the collodion film was dissolved over boiling acetone.
3. Treated stylets were placed directly on a collodion covered
grid and coated with carbon in the manner previously described. The grid
was placed in the refluxer to dissolve the collodion. A solution was
formed from 0.15 g potassium permanganate and 0.15 g potassium dichromate finely ground together and dissolved in 1.5 ml concentrated sul
phuric acid. Two drops of this solvent were placed in a 5 ml glazed
crucible cap and the grid was put carbon side up on the surface of the
solvent to dissolve the sty lets. After a few minutes the grid sank beneath
the surface and was then removed, washed by dipping it in water and then
into concentrated hydrochloric acid and allowed to dry (27). It was
shadowed with uranium and observed in the electron microscope.
4. In efforts to determine ju st how impervious the chitinous
stylets were to the electron beam the stylets were separated and placed
on the partially dried surface of 1% collodion on a glass microscope slide.
At this percentage collodion is very easily penetrated by the electrons and
was used solely to keep the stylets in a flat configuration. The film was
removed and placed on a grid in a manner described in section 2 above.
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The grid was then placed in the electron microscope and direct observa
tio n s were made of the stylet tip s.
II. Acquisition of cucumber mosaic virus bv anesthetized aphids
Green peach aphids (Mvzus persicae Sulz.) were used in ail experi
ments and were propagated by allowing them to colonize mustard plants
(Brasslcae prevlridis Bailey var. Tendergreen) in a controlled environment
(75°F - 14 hours of light). All aphids used were removed only from
rapidly growing, healthy plants to standardize the technique and to obtain
the most vigorous aphids available.
The W isconsin 102, Imperial 78, and C -l strains of cucumber
mosaic virus (CMV) were used in these experiments. All three strains
were propagated in tobacco (Nicotiana tabacum var. Havana 125) and 10
to 14 days after inoculation the plants showing fully developed symptoms
of CMV were harvested for use in purification.
Scott, in 1963 (40), described a process of CMV purification and a
slightly modified version of his method was employed to prepare the three
strains. Approximately 200 grams of infected tissue were homogenized
on 0.5 M citrate buffer pH 6.5 containing 0.1% thioglycolic acid .
Chloroform was added slowly while stirring in the proportions of 1 g
tissu e to 1 ml buffer to 1 ml chloroform to form an emulsion. The emul*sion was broken by centrifuging in the Sorvall RC-2 Superspeed centrifuge
at 500 RPM for 5 min. An aqueous phase was formed which was removed
by pipetting and dialyzed for 24 hours in 18 liters of 0.005 M borate
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buffer pH 9 .0 . The dialyzate was then centrifuged for 10 minutes at
10,000 RPM in the Soivall for clarification and then spun for 120 minutes
at 30,000 RPM in a #30 rotor in the Spinco L2 ultracentrifuge.
All pellets were resuspended in 0.005 M borate buffer pH 9.0 for
1 hour and then clarified by spinning at 10,000 RPM for 10 minutes to
remove extraneous m aterial. The supernatant was recentrifuged for 45
minutes in a #50 rotor at 50,000 RPM and the resulting pellet was
resuspended in 0.005 M borate buffer pH 9 .0 . This high speed centri
fugation was repeated and the final pellet was resuspended in 2 ml 0.005 M
borate buffer and stored a t 4°C and used as soon as possible. Ten fold
dilutions of the virus preparation were rubbed via the gauze pad method
(39) onto the primary leaves of cowpeas (Vigna sinensis Endl. var. Blue
Goose) which had been dusted with 600 mesh Carborundum (39). The half
leaf (38), local lesion (37) technique of assay was used to determine the
dilution and point of the virus preparations.
Small segments of mustard plants on which aphids were feeding
were cut and placed in a petri dish containing a disc of filter paper
which had been soaked in distilled water. This was added to reduce the
wilting of the host tissue and the desiccation of the aphids. A stream of
carbon dioxide was Introduced into the petri dish and continued for 1
minute. The anesthetized aphids were removed by gentle suction with
a fire polished disposable capillary pipette connected by a long gum
rubber hose to a vacuum pump. A small hole had been cut in the hose
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close to the pipette attachment and minor changes In the amount of suction
were regulated by partially or totally closing the hole with the index finger.
Only aphids feeding in depth, such as those on the veins of the
tissu e , were removed. Their exposed stylets were then dipped into a
purified suspension of CMV contained in a glass capillary (Fig. 1). The
anesthetized aphids were then placed in another petri dish for recovery.
As soon as they revived they were placed singly on tobacco seedlings
(N. tabacum var. Havana 425) in the two or three leaf stage planted indi
vidually in two inch peat pots and the plants were then covered with
cellulose nitrate tubes to prevent aphids from moving from pne plant to
another.
Preliminary experiments were conducted to determine if there was
any difference among aphids that were dipped and then gassed, gassed
and dipped, or dipped and not gassed. There appeared to be no difference
and therefore all experiments reported here were done with aphids that had
been gassed and then dipped.
In all cases an equal number of check plants were used on which
a single aphid was placed which had not had access to the virus.
The aphids were allowed to remain on the plant for two to six hours,
and were then killed by spraying Thiodan 50 insecticide at a rate of 0.12 g
per 100 cc distilled w ater. The plants were removed to the greenhouse,
the peat pots placed in soil lined flats and allowed to remain until the
plants developed symptoms of CMV infection.

Figure 1. Photomicrograph showing exposed sty lets of an anesthetized
aphid (Mvzus persicae S u lz.) being dipped into a capillary
containing purified cucumber m osaic v ir u s.
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Normally, after two weeks the infected plants were easily d is
tinguishable and. those showing symptoms were triturated in a mortar
and mechanically inoculated into cowpeas as a local lesion method of
assay for the presence of CMV. Tobacco plants which had questionable
symptoms were triturated and inoculated onto healthy tobacco plants to
determine if any virus was present. In all cases the juice from tobacco
showing typical symptoms produced typical local lesions on cowpeas and
juice from some of the suspicious plants produced infection on healthy
tobacco.
The same dip experiments were performed with alfalfa mosaic virus
(AMV) purified from tobacco and in all cases results were negative.
As a check on the efficiency of transm ission by aphids whose
stylets had been dipped into purified preparations of CMV, experiments
were conducted utilizing the same preparation but the aphids were
allowed to acquire the virus through a membrane using techniques pre
viously described (34, 36). After acquisition the aphids were placed
singly on tobacco seedlings which were treated as outlined in the dip
experim ents.
I l l . Transmission of TMV
M. persicae was used as a te st vector for the transm ission of
tobacco mosaic virus (TMV) and the aphids were propagated in the same
manner described in the experiments on the transmission of CMV. TMV
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was inoculated to plants of the Gold Dollar variety of tobacco which were
then used as source plants for the propagation of the virus.
TMV infected tobacco plants were ground in a food grinder and the
resulting mash was squeezed through several folds of cheesecloth. The
juice was heated to 60°C and maintained at that temperature for 10
minutes. Heating denatured much of the remaining host m aterials. Low
speed centrifugation (5,000 RPM for 10 minutes) in the Sorvall RC-2
centrifuge removed more of the plant materials and this was followed by
the centrifugation of the supernatant in the #30 rotor of the ultracentrifuge
at 30,000 RPM for 1 1/2 hours to sediment the virus. Five cycles of this
low and high speed differential centrifugation was carried out and after
each high speed run the virus pellets were resuspended in 10 ml of
0,02 M phosphate buffer pH 7 .0 .
Numerous aphids were removed from their host plant, placed into
a covered glass container and allowed to fast for one hour. An aliquot
(0,1 ml) of the TMV suspension was diluted 1 in 10 with 0.02 M phos
phate buffer pH 7.0 and sufficient sucrose to give a final sucrose con
centration of 5%. A piece of Earafilm was stretched as thin as possible
and placed over the end of a one-half inch section of test tube.

Several

starved aphids were placed into a sponge rubber cage which was lined
with a piece of glass tubing that prevented their probing into the rubber.
A 0.2 ml aliquot of the diluted virus suspension was placed into the
Parafilm covered length of test tube which was inserted into the rubber
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cage. The aphids were observed through the suspension using a binocular
microscope as they probed Into the suspension through the Parafilm mem
brane (34).
Similar feeding devices were prepared which contained only 0.2 ml
distilled water. The aphids were removed with a cam el's hair brush after
they had probed the virus suspension for 15-30 seconds. They were placed
singly in one of the several feeding cages and allowed to probe the water
contained in the te st tube section. The tubes containing water were
numbered 1 to 25 and the aphid which probed a particular tube of water
was assigned that number. The water was pipetted from each tube and
one drop from each was placed on 3mm 300 mesh Athene-type copper
electron microscope grids which had been previously coated with a film
of collodion (1% parlodion in amyl acetate). The remaining volumes of
water were mechanically inoculated, individually, onto the leaves of the
Havana 425 variety of tobacco, a local lesion host, using the techniques
i

described in Section II (39). The same method of inoculation was used
with a series of 10-fold dilutions of the purified virus in 0.02 M phos
phate buffer as a method of assay to determine the dilution end points of
each preparation. The plants were then removed to the greenhouse for
symptom development.
In some experiments, the dried one-drop samples were negatively
stained with potassium phosphotungstate pH 6.5 which was placed on the
grids, allowed to stand for 1 minute and the excess was absorbed with a
piece of filter paper (22).
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All prepared grids previously described, were placed, one at a
tim e, in the specimen chamber of a Hitachi H u -llA electron microscope
for observation.

EXPERIMENTAL RESULTS
I. Carbon replication to determine position of virus on stylets
All the techniques previously described in the Materials and
Methods section were repeated countless times with negative re su lts.
Various difficulties were encountered which will now be described.
1, In many cases it was not possible to remove the stylets from
their impressions in the replica tape because they had been Imbedded too
deeply. This can be traced to the fact that the replica solution had not
dried sufficiently. On the other hand, if the solution was allowed to dry
too much then either no impression was made or the impression was such
as to not have great enough d etail. Therefore, the degree of drying was
very critical. However, numerous good impressions were obtained and
were trimmed in the manner previously described in the M aterials and
Methods section.
The impressions were then shadowed and coated with carbon. The
tape was placed on the grids and put into the refluxer where the most
serious problem was encountered: As the tape was being dissolved by
the fumes of the boiling acetone, it began to swell greatly which caused
extensive cracking of the carbon film. When the tape was completely
dissolved the carbon film remained but was cracked and the pieces rolled
back upon themselves thus rendering the film u se le ss. A solution called
carbon film straightener (Ladd Research Industries) was used in attempts
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to unroll the broken pieces so that the films could be salvaged but to
no avail.
2. When collodion films were employed different, but equally
serious, problems aro se. If the stylets were dropped on the surface of
the partially dried collodion too soon they sank beneath the surface and if
the collodion was allowed to become too dry an insufficient impression was
made or none at a ll. The exact moment was very difficult to determine and
the good impressions were made by chance.
It was extremely difficult to remove the stylets from their impres
sions. They could not be removed with a cam el's hair brush because the
collodion held them too tenaciously. Fine forceps were used to force the
stylets out.

This action in most cases destroyed the film.

Of the intact films made many were destroyed during water flotation
and various other manipulations thus reducing greatly the number which
actually got to the refluxlng sta g e .
For some reason, still unknown by the writer, the few films which
survived refluxlng showed no recognizable stylet impressions when viewed
in the electron microscope. There is the possibility that some of the
impressions happened by chance to settle on the metal of the grids after
flotation and were not visible when the grids were viewed.
3. To overcome the problem of the impressions settling over the
grid metal, stylets were placed directly on collodion coated grids and
could thus be manipulated into a position on the collodion film over a
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space through the grid. One difficulty here was in getting the stylets to
lie flat on the surface. No Impression into the carbon film was possible
where the slightest distance remained between the collodion and the
sty lets. However, a few were properly positioned and a suitable carbon
film was produced.
No difficulty was experienced in dissolving away the collodion film
but when attempts were made to dissolve the stylets to leave the carbon
impression on the grid, serious trouble was encountered. Complete
destruction of the carbon impression was the result of placing the grid
onto the sulfuric acid solution. The solution caused the stylets to curl
up in a manner resembling a cork screw. This technique has been suecessful when bacteria and some other organic materials were to be repli
cated but complete failure was experienced when the chitinous stylets
were used. This may have been due to the extremely rapid desiccation of
the stylets by the sulfuric acid.
4.

Direct observation. Figures 2 and 3 show the outline and part

of the substructure of the stylets of M. persicae. In spite of the fact
that the surface areas can not be seen, these micrographs confirm, in
part, the work of van Hoof in 1957 (25). The stylets had been separated
and imbedded in 1% collodion. Figure 2 shows the tip of a mandible as
viewed from the outside lateral surface. A few small ridges as described
by van Hoof can be seen along the lower edge. The light area running
longitudinally through the center is part of the hollow interior.

Electron micrograph showing a direct observation of the
lateral area of the tip of one mandible from Mvzus persicae
S u lz. The light area running longitudinally along the figure
is a hollow portion of the interior. Ridges are seen along
lower e d g e . (3,500 X).
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Figure 3. Electron micrograph showing the tips of the sty lets of Myzus
persicae Su lz . The m axillae are seen meeting at the apex in
a very lo o se configuration. A row of ridges can a lso be seen
along the lower edges of the figure. A hollow portion of the
interior is seen as the light area which runs through the longi
tudinal axis of the s t y le t s . (3,500 X).
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Figure 3 shows the ridges more clearly and the tips of the maxillae
are v isib le , They are in somewhat of a distorted condition due to mani
pulation but it can be seen that the tips do not fit together in a smooth
configuration and therefore it was believed by van Hoof that virus
particles could become lodged within the spaces available« The light area
again is part of the hollow interior.
II, Passive acquisition of cucumber mosaic virus bv anesthetized aphids
Table 1 presents the results of the experiments which were designed
to show the acquisition of CMV by anesthetized aphids. As can be seen
the greatest rate of transm ission occurred when the C -l strain was used.
One hundred attempts were made and 13 were successful. This strain was
also transmitted more readily when acquired through a membrane; six out of
24 te s t aphids transmitted the virus.
The' W isconsin 102 strain was transmitted at a rate of 3 in 100
while Imperial 78 was the least transmitted of the strains either by stylet
dipping or when acquired through a membrane. Differences cannot be
explained by concentrations since C - l # which was most readily acquired
3
and transmitted by the aphids, had a dilution end point of 1 in 10 while
W isconsin 102 produced 50 lesions per half leaf at a dilution of 1 in 10?
and was transmitted at a rate of only 3 in 100.
The results of attempts to transmit alfalfa mosaic virus (AMV) by
the dipping technique were all negative.

31

Table 1. Transmission of strains of cucumber mosaic virus acquired by
anesthetized aphids whose stylets had been dipped in purified
virus suspensions or by aphids making probes through a
Parafilm membrane. A single aphid was placed on each te st
plant.

Virus strain

Transmission* of viruses acquired bv:
Dipping
Probes through
stvlets
membranes

W is. 102

3/100

5/24

Imp. 78

2/138

10/128

13/100

6/24

C -l

^Transmission is expressed as the number of plants infected (numerator)
out of the number tested (denominator).
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HI. Uptake and release of tobacco mosaic virus
A series of 10-fold dilutions was made of a purified preparation of
TMV in order to determine what was the greatest dilution of that particular
preparation that could be detected in the electron microscope. A sample
of each dilution was placed on collodion coated grids and then shadowed
with uranium in the vacuum evaporator. Each dilution was observed and
it was determined that particles were not visible at a dilution of more

p

than 1 in 10 . Electron micrographs were made of uranium-shadowed
particles found at this dilution (Fig. 4). The remainder of each dilution
was then inoculated onto the leaves of the Havana 425 variety of tobacco
to determine the infectlvity dilution end point of the purified virus prepara
tion. No lesions were formed past a dilution of 1 in 10®.
Aphids were allowed to probe into purified TMV as described under
M aterials and Methods. Twenty-five aphids per experiment were pre
sented with samples of water into which they probed and each sample
was assigned a number. The samples were placed singly into small tubes
and one drop was taken from each and put on collodion-coated electron
microscope grids which were assigned the number of the water sample.
These were shadowed with uranium and observed in the microscope.
Electron micrographs were made of the particles observed (Fig. 5) and
these were compared with those made of purified virus (Fig. 4 and 5).
Measurements were made and the particles in both micrographs were
sim ilar. The remainder of each water sample was mechanically

F ig ure 4 .

Electron micrograph of uranium-shadowed particles from a
purified suspension of tobacco mosaic. (42,000 X). Compare
with Figure 5. -
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Figure 5. Electron micrograph of uranium-shadowed particles recovered
from a water sample into which an aphid probed after the aphid
had access to a purified suspension of tobacco mosaic virus.
(42,000 X). Compare with Figure 4.

inoculated onto Havana 425 leaves and local lesion counts were made in
2-3 days. The results of the bioassays are shown in Table 2, experi
ments 1 and 2. It can be seen that in all cases where infectivity was
obtained, virus particles were observed in the sam ples. However, in
some cases particles were found in samples which did not give local
le sio n s. At no time were more than 2 lesions per half leaf produced and
these data are in the same order of magnitude as those reported by Pirone
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Table 2. Comparison of the number of water samples which contained
tobacco mosaic virus (TMV) particles with those which pro
duced local lesions on Havana 425 tobacco. Each sample
was probed by an aphid which had previously probed a con
centrated TMV suspension.
Experiment 1
Sample in
Number of
which TMV
lesions produced
particles were
per half leaf by
observed3
this sample*3
1
2
4
8
14
16
17
20
24

2
1
0
0
2
1
0
0
1

Experiment 2
Number of
Sample in
lesions produced
which TMV
per half leaf by
particles were
observed3
this sample*5
1
7
12
18
20
23

Twenty-five samples were tested in each experiment.
^Two half-leaves were inoculated with each sample.

1
0
0
1
2
0

DISCUSSION

In the years directly following the demonstration that aphids
transmit plant v iruses, the acquisition and transmission of styletborne viruses was considered to be simply a mechanical procedure.
It has since been shown that transmission is not a single event but a
series of happenings. Involved in this complex are the vector, the
virus particles themselves and the host plant. With this many bio
logical systems included it is easy to see how so many variables can
enter and thus confuse the picture. There has been considerable work
performed and a myriad of experimental data collected but the answers
to numerous questions still remain a matter of speculation. This d is
cussion is divided into three parts each dealing with a particular facet
of the Imperfectly understood mechanism of the transmission of styletborne v iru se s.
I. Where are virus particles carried on the aphid's stvlet?
In efforts to answer this question, Bradley and Ganong (11, 12)
conducted experiments which indicated that at least one virus, the potato
virus Y (PVY), was carried near the tips of the stylets of M. persicae. In
experiments using formaldehyde and ultraviolet light they demonstrated
that this virus was present at the apical 5

p of the sty lets.

Since then

this has been shown to be true for other viruses and other aphids (13,
37
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32, 33). In 1957 van Hoof (25) demonstrated the presence of certain
ridges and cavities on the stylet tips of M. persicae which he said
might be instrumental In offering a site for mechanical adherence of
stylet-borne virus until their subsequent inoculation into healthy host
plants.

Could at least some of the viruses be imbibed along with plant

juices during short probes? It has recently been shown by Henning (21)
that only rarely during the probing process did the black bean aphid
(Aphis fabae Scop.) actually imbibed plant juices. Using 32 P-labeled
Vicla faba L. plants he allowed aphids to probe 1 or more times and their
radioactivity was then measured. His results indicate that very little if
any plant juices are taken up and ingested. This indicates that when
aphids probe virus infected plants, very little if any plant sap is taken
into the gut and that any virus available for transmission would be present
on.the sty lets.
Later, in 1966, Bradley (10) showed by separating the two mandibles
from the interlocked m axillae, that if the tips of the maxillae were dipped
into water then the aphid was no longer viruliferous. He further stated
that he felt that the mandibles were of no significant importance in the
transm ission mechanism.
The attempts which were made in the work described here have
done nothing to elucidate the solution to this problem. Countless tries
were made using the methods described herein and some modifications
thereof but with no su cc ess. The findings of van Hoof (25) on the
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structural formation of the stylets of_M. persicae have been confirmed to
some degree but nothing was uncovered which could substantiate or reject
his postulations or the suggestions of Bradley as to the location of virus
particles on the sty lets.
It is felt by the writer that if certain previously described technical
difficulties were overcome and sufficient time were spent in order to
counterbalance the losses due to the element of chance, the carbon
replication technique could provide extremely valuable information on
the location of virus particles on the aphids' mouth parts.
II. Passive acquisition of CMV bv anesthetized aphids
Behavioral patterns during feeding by aphids have been suggested
to be of significant importance in the acquisition of plant viru ses. It
seems that the numerous short penetrations during the beginning of the
feeding procedure would definitely increase the probability that the
aphids would acquire stylet-bom e viruses since it is felt that the
viruses are most abundantly dispersed in the epidermal tis s u e s . When
the aphids are feeding in depth they have penetrated areas where this
type of virus is not generally found in high concentrations. Also, a
salivary sheath has generally been formed and congealed which con
stitutes a tight fitting tube around the sty le ts. If viruses are encountered
during this deep feeding, then it is possible that they could be wiped off
the stylets during withdrawal.
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It has been established that aphids are more apt to acquire and
transmit stylet-bom e viruses after a period of fasting. A distinct
possibility exists that the delicate stylets exposed when removed from
the site of their feeding are unable to penetrate the leaf surfaces un
supported. During the fasting period the aphids, unable to probe, have
an opportunity to reensheath their stylets in the rostrum thus lending them
support and preparing the aphids for immediate probing when finally placed
on a host plant. When unmolested, aphids generally remain with their
stylets embedded in host tissue thus providing a constant flow of food
m aterial. It would appear that with this natural habit interrupted for
even one hour the aphids would take the first opportunity to reestablish
its constant food supply. So, with its stylets in the proper configuration
and a great appetitite developed during fasting, it would therefore begin
immediate probes seeking a suitable feeding site .
All of this behavior seems of primary Importance in the natural
acquisition of v iru ses. But, is active probing by the aphids essen tial
to the acquisition of stylet-bom e viruses? The data presented here indi
cates that an active role is not absolutely essential for acquisition (3).
However, this does not, of course, eliminate the likelihood that aphids
acquire viruses in the course of natural probing. These data do lend
support to the concept that stylet-bom e viruses are carried as contami
nants of the aphids sty lets.

In these experiments the anesthetized aphids were removed after
they had been feeding in depth on healthy host plants thus exposing their
sty le ts. The congealed salivary sheaths presumably had been left behind
leaving the stylets clean. Virus was placed directly on the exposed
stylets (Fig. 1). However, the contaminated stylets could not be used
for probing until they had been ensheathed with the rostrum. As these
results indicate, at least some of the stylets remained contaminated even
after reensheathment suggesting that the rostrum did not wipe them all
clean unless the aphid could probe with only partial support leaving the
apical 5-15 ji not ensheathed and thus exposed. There is also the
possibility that the virus which was actually inoculated into the plants
was contained inside the stylets rather than on the external surfaces. It
has been suggested that the viruses become lodged behind the ridges
and/or in the pockets formed at the tips but it is possible that the virus
could also be within the sty lets. When a fasted aphid lowers its rostrum
to the leaf spiderm is, saliva begins to flow from the salivary tube and if
viral contaminants are contained in this tube they could be deposited on
the leaf surface and then inoculated into the host c e ll. If selective
inactivation of viruses by salivary components is a fact then this is one
time it could take place.
The aphid transm ission of stylet-bom e viruses can be partially
explained by the mechanical adherence of the particles to the tips of
the sty lets. A portion of the present work was directed toward attempts
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to show exactly where on or in the stylets the virus particles adhered
but the work met with failure at every turn. It has been suggested that
most of the phenomena associated with stylet-bom e transm ission, with
the exception of aphid specificity, could be explained in terms of aphid
behavior (42).
These data indicate that all three strains can be acquired by
anesthetized aphids and also through a membrane but in both ca ses
the rate of transm ission was considerably less than that which would be
expected if the virus were acquired from infected leaves by aphids (30).
The fact that the aphids probed through an artificial membrane may
account for a lower rate of transmission than would be expected if they
probed through a natural surface such as a leaf epidermis. The amount
of manipulation to which the aphids were subjected in the stylet-dip
experiments was considerably more than that which aphids probing
through Parafilm were subjected to. This may explain why the rate of
transm ission was so much lower.
Cucumber mosaic virus is transmitted more efficiently by aphids
than AMV both from plants and also through membranes (36). Since the
data presented here indicate that dipping experiments are still less effi
cient than membrane probing experiments, this may explain the lack of
transm ission.
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III. Aohld transm ission of tobacco mosaic virus
In 1914 and 1917 Allard (1, 2) reported the aphid transm ission of
what he considered to be TMV. Since that time there have been many
conflicting reports as to whether aphids can actually transmit this highly
infectious virus. Orlob (13) made a reappraisal of the transm ission of
TMV by sucking in sects during which he repeated all the apparently suc
cessful experiments and he obtained uniformly negative resu lts. The
question of why TMV could not be transmitted by sap-sucking in sects,
especially aphids, remained unanswered.
Matsui et a l. (29) demonstrated that what appeared under the
electron microscope to be TMV could be acquired from infected plant
tissu e and released into water. The particles proved not to be infectious.
On the other hand, Pirone (35) allowed aphids to probe through a Parafilm
membrane into purified TMV and some of these aphids were capable of
releasing infectious virus through another Parafilm membrane into a
buffer solution.
Using the techniques of Pirone and also employing the electron
microscope, the writer was able to give some indication of the percentage
of aphids that released virus which later proved to be infectious and this
was compared with the percentage of water samples containing particles
resembling TMV as demonstrated in the electron microscope.
The purified preparation of TMV used In these experiments proved
to have an infectivity dilution end point of 1 in 10® which gave 1-3 lesions
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per half leaf. This point also proved to be the greatest dilution at which
virus particles could be observed in the electron microscope. Upon the
examination of the water samples into which aphids had probed, it was
found that those which infected local lesion hosts did so at a rate of
1-2 lesions per half leaf. Specimens of these same water samples were
observed in the electron-microscope and particles were found in some of
them and were present in the same order of magnitude 4 b those found in the
1 in 10** dilution of purified virus. In the first experiment (Table 2) 25 water
samples were prepared and of these 9 preparations showed particles in the
electron microscope, 5 of these preparations proved to be Infectious. Of
the 25 samples In the second experiment, 6 showed the presence of
particles and 3 of these samples produced local lesio n s. These results
indicate that approximately 50% of the water samples in which virus was
observed produced local lesio n s. The reason for this could be that the
preparations are on the borderline of containing enough particles to be
infectious. Thus, some samples caused infection and some did not. It
may be that not all samples showed particles because some aphids ap
peared to probe but actually did not.
These data can also be used to make a rough calculation of the
number of virus particles which were released by the aphids into the
water. This, in turn provides an approximation of the minimum number of
virus particles acquired by the aphids. The amount of virus contained in
the undiluted preparations was determined, spectrophotometrlcally, to be
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126 mg/ml. (45). Since the molecular weight of TMV is known to be
40 x 10®, the number of virus particles in one ml of this suspension can
be calculated to be
6x
P tlttffles/mqlp . 1-5 x 1016 parUc le s /9ram
4 x 10 ' grams/mole
or 1.5 x 10*3 particles per mg. Thus the stock suspension contained
125 (1.5 x 10*3) particles or 1.86 x 1015 particles per mg. At a dilution
Q

7

of 1 in 10 , this is 1.86 x 10 particles per mg. This dilution produced
1-3 lesions per half leaf and was also the greatest dilution at which virus
could be detected electron m icroscopically. The amount of virus trans
mitted to the buffer by aphids was at approximately this concentration,
also , as it produced about the same number of lesions and has similar
particle numbers. Since the volume was only 0.2 ml, the number of
particles transmitted to the buffer by the aphids was in the order of
1 86 X IQ?

—1---- —

fi

or 3.7 x 10 particles. These figures are in line with
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previous data which indicate that at least 1 x 10 TMV particles are
required to form a single lesion (4) .unless special techniques are used
(43).
But why is it that Matsui et a l. (29) did not retrieve infectious
virus in water samples and why do the aphids not Infect healthy host
plants if they can acquire, carry over, and release Infectious virus into
water? One possible explanation for the first question could be that for
infection to take place more virus is required than an aphid can pick up
from diseased tis s u e . With purified virus much more virus is available

in the area of stylet penetration and thus the stylets are contaminated with
a larger number of particles. In support of this idea is the fact that some
biting insects transmit TMV provided there is gross contamination of their
mouth parts. However, Pirone and Megahed (36) allowed aphids to probe
purified TMV suspensions through a membrane and the aphids did not
transmit the virus to p lan ts.
In answer to the second question this idea is put forth. Provided
sufficient virus is acquired by the aphid, there may be an inhibitor present
in the aphids' saliva which would not allow the infection of another plant.
When the aphids probed into water, prior to the inoculation of this water
on to healthy plants, the inhibitor, if present, may have been diluted out
thus rendering the virus infectious again.

SUMMARY
Experiments were conducted In attempts to solve three problems
Involved In the transmission of plant viruses by aphids. The procedures
and results can be summarized as follows:
I. Carbon replication and electron microscope techniques were
employed in efforts to demonstrate the exact location of stylet-bom e
virus particles on the mouthparts of M_. oerslcae. Aphids were allowed to
probe the epidermis of mustard plants infected with turnip mosaic virus.
Their stylets were then removed and carbon replicas of them were con
structed and shadowed with uranium. The replicas were examined in
the electron microscope in order to detect the re.plicas of any virus
particles present. For various technical reasons these experiments failed
to give positive results and the location of virus particles still remains a
matter of speculation.
Direct observations of the stylet tips were made, by electron
microscopy which confirm in part the only previously published study of
the fine structure of aphid sty lets. The outline and part of the substructure
of aphid stylets of M. perslcae were visible in the micrographs and in spite
of the fact that surface areas can not be seen, it is conceivable that the
serrations and natural pockets shown could harbor virus particles.
II. To determine whether active probing is required for virus uptake,
the exposed stylets of anesthetized aphids were dipped into purified
47

48

cucumber m osaic viru s. In these experiments it w as shown that three
strains of this virus could be acquired by anesthetized aphids and then
transmitted during subsequent feeding on healthy tobacco se ed lin g s.
These data show that active probing is not required for the acquisition
of one stylet-borne virus thus lending support to the concept that sty le tborne viruses can be carried as contaminants of the aphids' mouthparts.
III. In an effort to settle some of the controversy surrounding the
aphid transmission of TMV, experiments were conducted which combined
a membrane feeding technique and the electron microscope in order to
obtain some indication of what percentage of aphids acquired and
released infectious particles into water sam ples. It was demonstrated
that of the water samples containing virus particles, as observed in the
electron m icroscope, approximately 50% were capable of producing in fec
tion . The dilution end point of the purified preparation proved to be 1 in
10

p

and at that point 1-3 local lesio n s were produced which was in the

same order of magnitude as those produced by infectious water sam ples.
p

One in 10 w as a lso the greatest dilution at which purified virus could
be observed in the electron m icroscope.
The number of TMV particles acquired and transmitted by aphids
was a lso calcu lated . C alculations indicated that the number of particles
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transmitted to the buffer by the aphids w as in the order of 3 .7 x 10 .
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